SUMMARY ANSWER: Oleic acid is a promising lipid molecule that has beneficial effects on motility and development of human EVTs.
Introduction
Precise regulation of human trophoblast development is essential for implantation of the blastocyst and maintenance of a normal pregnancy because trophoblast cells mediate interactions between the conceptus (fetus and its placenta) and the maternal environment for exchange of nutrients, gases and waste products, and regulation of immune tolerance (Tarrade et al., 2001) . Cytotrophoblastic stem cells either fuse to form syncytiotrophoblast cells or differentiate into invasive extravillous trophoblast cells (EVTs) . While syncytiotrophoblast cells are responsible for direct exchange of nutrients and regulation of the endocrine system, EVTs deeply invade into the maternal decidua and blood vessels by replacing uterine vascular smooth muscle cells (Morrish et al., 1998) . Failure of uterine vascular remodeling results in improper formation of the vascular system at the fetomaternal interface, and depletes the supply of essential nutrients transported to the developing conceptus (Whitley and Cartwright, 2009 ). In the last few decades, several researchers have investigated molecular mechanisms which affect migration, apoptosis and proliferation of trophoblast cells with the purpose of preventing pre-eclampsia or intrauterine growth restriction caused by dysfunction of trophoblast cells. Although a variety of cytokines, growth factors, and hormones regulate trophoblast cell differentiation and function, the degree to which maternal nutrition modulates trophoblast cell phenotypes, especially migratory and invasive characteristics of EVTs, is not known.
There are reports that the placenta regulates lipid metabolic processes mainly by modulating the transport of fatty acids to the fetus. A variety of fatty acid binding proteins expressed by the placenta facilitate fatty acid transport and play a critical role in control of fetal growth (Dube et al., 2012) . Long-chain polyunsaturated fatty acids, such as docosahexaenoic acid (DHA, 22:6 n-3) and arachidonic acid (20:4 n-6), are well-known for positive effects on fetal growth and cognitive function of the neonate (Cetin and Koletzko, 2008) . In addition, lower amounts of omega three fatty acid are present in placentae of pre-eclampsia patients compared with normal placentae (Wadhwani et al., 2014) . DHA and cis-9, trans-11 conjugated linoleic acid also stimulate tube formation and angiogenic signaling in human EVT cells (Pandya et al., 2016) . However, the mechanism whereby different types of fatty acid influence motility, proliferation, and apoptosis of human trophoblast cells has yet to be elucidated. Oleic acid (OA, 18:1, cis-9) is catalyzed by stearoyl-CoA desaturase-1 (SCD1) in our body and it is abundant in various natural sources such as almonds, butter, and avocado. OA enhances migration and metastasis of various cancer cells including breast cancer and squamous cell carcinoma of head and neck via inducing matrix metalloproteinase 9, ERK1/2 mitogen-activated protein kinase activation, and cellular concentrations of Ca 2+ (Soto-Guzman et al., 2008; Shen et al., 2017) . In human trophoblast cells, OA induces amino acid transport and activates various transcriptional factors such as ERK1/2, mTOR and S6, suggesting that OA can modify trophoblast development and placental function (Lager et al., 2014) . Elaidic acid (EA, 18:1, , the trans form of OA, also promotes metastasis and its pro-invasive effects are even stronger than that of OA in colorectal cancer cells (Ohmori et al., 2017) . However, whether EA can modulate the phenotype of human trophoblast cells is uncertain although it has been reported that EA is present in umbilical cord blood at greater concentrations than another trans fatty acid, vaccenic acid (18:1 trans-11) (Jamiol-Milc et al., 2015) . In pregnant women, high amounts of oxygen are required to meet metabolic demands, and an increase in reactive oxygen species (ROS) is observed, which implies that mild oxidative stress is associated with maintenance of pregnancy (Leslie et al., 2015) . Despite the beneficial effects of long-chain polyunsaturated fatty acids on trophoblast cells, they are vulnerable to lipid peroxidation due to their unsaturated structure, and high concentrations of long-chain polyunsaturated fatty acids such as DHA can cause abnormal alterations of oxidative conditions followed by apoptosis while low concentrations of DHA alleviate oxidative stress while maintaining beneficial effects on trophoblast cells (Shoji et al., 2009) . Thus, the oxidative stress of pregnancy should be controlled, and regulatory functions of maternal nutrition on oxygen signaling must be considered during pregnancy.
In the present study, we used a human EVT cell line to investigate: 1) the effects of OA and EA on motility and related cell signaling molecules; 2) the effects of altered oxidative conditions mediated by OA and endogenous inhibition of monounsaturated fatty acids; and 3) the effects of inhibition of various kinases mediated by OA on proliferation and migration of HTR8/SVneo cells.
Materials and Methods

Chemicals
Oleic acid, elaidic acid, palmitic acid and stearic acid were purchased from Sigma-Aldrich, Inc (St. Louis, MO, USA). U0126, SB203580 and Rapamycin were from Enzo Life Science (Farmingdale, NY, USA) and LY294002 was from Cell Signaling Technology (Beverly, MA, USA). C75 and CAY10566 were from Abcam (Cambridge, UK 
Proliferation assay
Proliferation assays were conducted using Cell Proliferation ELISA, BrdU kit (Cat No: 11 647 229 001, Roche, Indianapolis, IN, USA) according to the manufacturer's recommendations. Briefly, cells were seeded in a 96-well plate, and then incubated for 24 h in serum-free media. Cells were then treated with fatty acids and various treatments in a final volume of 100 μl/well. To compensate for total volume of vehicle in each well, we added vehicles up to the highest treated dose for each assay. After 48 h of incubation, 10 μM 5-bromo-2′-deoxyuridine (BrdU) was added to the cell culture and the cells were incubated for an additional 2 h at 37°C. After labeling cells with BrdU, the fixed cells were incubated with anti-BrdUperoxidase (POD) working solution for 90 min. The anti-BrdU-POD binds to BrdU incorporated in newly synthesized cellular DNA and these immune complexes were detected by the reaction to 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate. The absorbance values of the reaction product were quantified by measuring the absorbance at 370 and 492 nm using an ELISA reader.
Annexin V and PI staining
Apoptosis of HTR8/SVneo cells regulated by C75 was analyzed using and Fluorescein isothiocyanate (FITC) Annexin V apoptosis detection kit I (BD Biosciences, Franklin Lakes, NJ, USA). The cells (4 × 10 5 cells) were seeded on six well plates and incubated for 24 h in serum-free medium when cells were at 70-80% confluency. Then, cells were treated with C75 in a dose-dependent manner for 48 h at 37°C in a CO 2 incubator. Supernatants were removed from culture dishes and adherent cells were detached with trypsin-EDTA. The cells were collected by centrifugation, washed with phosphate-buffered saline (PBS), and resuspended using 1× binding buffer. Then, 100 μl of the cell suspension was transferred to a 5 ml culture tube and incubated with 5 μl FITC Annexin V and 5 μl propidium iodide (PI) for 15 min at room temperature in the dark. Then, 400 μl of 1× binding buffer was added in a 5 ml culture tube. Fluorescence intensity was analyzed using a flow cytometer (BD Biosciences).
Matrigel invasion and transwell migration assay
Cell invasion was performed using 8-μm pore Transwell inserts (Cat No: 3422, Corning, Inc., Corning, NY) coated with matrigel for 2 h at 37°C. HTR8/SVneo cells (1 × 10 5 cells per 200 μl) in serum-free medium were plated onto the upper chamber with different treatments while medium containing 5% FBS was added to the lower wells. After cells were treated with oleic acid for 16 h and with elaidic acid and vaccenic acid for 24 h at 37°C in a CO 2 incubator, cells that had not invaded were removed with a cotton swab. For evaluation of cells that invaded onto the lower surface, inserts were fixed in methanol for 10 min. The Transwell membranes were then air-dried and stained using hematoxylin (Cat No: HHS32, SigmaAldrich, Inc) for 30 min. After washing gently with tap water, the cells on the upper side of the inserts were removed with a cotton swab. The Transwell membranes were removed and placed on a glass slide with the side containing cells facing up, and the slide covered with Permount solution. Invaded cells were counted in five non-overlapping locations which covered~70% of the insert membrane growth area, using a DM3000 (Leica, Wetzlar, Germany) microscope. Cell migration was evaluated by the Transwell migration assay which is similar to the invasion assay except that the Transwell inserts were not coated with Matrigel. The entire experiment was repeated at least three times.
Semiquantitative RT-PCR analysis
For cellular RNA isolation, JAR, JEG-3, BeWo and HTR8/SVneo cells were seeded on six-well plates and incubated for 24 h in serum-free medium for 48 h at 37°C in a CO 2 incubator. Total cellular RNA was isolated using Trizol reagent (Invitrogen, Waltham, MA, USA) according to manufacturer's recommendations. Complementary DNA was synthesized using total RNA (1 μg) and AccuPower ® RT PreMix (Bioneer, Daejeon, Korea). Primer sets were synthesized to amplify specific fragments of cellular transcripts as listed in Table I . PCR amplification was conducted using 120 ng cDNA as follows: (i) 95°C for 3 min; (ii) 95°C for 20 s, 60°C for 40 s and 72°C for 1 min for 35 cycles; and (iii) 72°C for 10 min. After PCR, equal amounts of reaction product were analyzed using a 1% agarose gel and PCR products were visualized using ethidium bromide staining.
Quantitative RT-PCR analysis
Gene expression levels were measured using SYBR ® Green (Sigma) and a
StepOnePlus™ Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). Using the standard curve method, we determined the level of expression of target genes as listed in Table II using the standard curves and C T values, and normalized them based on GAPDH expression. The PCR conditions were 95°C for 3 min, followed by 40 cycles at 95°C for 30 s, 60°C for 30 s and 72°C for 30 s using a melting curve program (increasing the temperature from 55 to 95°C at a rate of 0.5°C per 10 s) and continuous fluorescence measurement. ROX dye (Invitrogen) was used as a negative control for the fluorescence measurements. Sequencespecific products were identified by generating a melting curve in which the C T value represented the cycle number at which a fluorescent signal was statistically greater than background, and relative gene expression was quantified using the 2 -ΔΔCT method.
Western blot analysis
Concentrations of protein in whole-cell extracts were determined using the Bradford protein assay (Bio-Rad Hercules, CA, USA) with bovine serum albumin (BSA) as the standard. Proteins were denatured, separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose. Blots were developed using enhanced chemiluminescence detection (SuperSignal West Pico, Pierce, Rockford, IL, USA) and quantified by measuring the intensity of light emitted from correctly sized bands under ultraviolet light using a ChemiDoc EQ system and Quantity One software (Bio-Rad, Hercules, CA, USA). Immunoreactive proteins were detected using goat anti-rabbit polyclonal antibodies against phosphor-proteins and total-proteins at a 1:1000 dilution and SDS/PAGE gel. As a loading control, total proteins were used to normalize results from detection of proteins by western blotting. Multiple exposures of each western blot were performed to ensure linearity of the chemiluminescent signals. These experiments were performed in triplicate.
Immunofluorescence microscopy
The effects of fatty acids on the expression of phosphor-P38 (p-P38) were determined by immunofluorescence microscopy. HTR8/SVneo cells were probed with rabbit anti-human polyclonal p-P38 at a final dilution of 1:2000. They were then incubated with goat anti-rabbit IgG Alexa 488 (Cat No. A-11 008, Invitrogen, Carlsbad, CA, USA) at a 1:200 dilution for 1 h at room temperature. Cells were then washed using 0.1% BSA in PBS and overlaid with DAPI (Cat No. D8417, Sigma). Images were captured using a LSM710 (Carl Zeiss, Thornwood, NY, USA) confocal microscope fitted with a digital microscope Axio-Cam camera with Zen2009 software. Relative fluorescence intensity was quantified by green/DAPI ratio using MetaMorph software (Molecular Devices).
Determination of cellular ROS
Intracellular ROS production was estimated using 2′,7′-dichlorofluorescin diacetate (DCFH-DA, Sigma) which is converted to fluorescent 2′,7′-dichlorofluorescin (DCF) in the presence of peroxides. Cells were detached with trypsin-EDTA, collected by centrifugation, and washed with PBS. The cells were treated with 10 μM DCFH-DA for 30 min at 37°C. Then the cells were washed with PBS twice, and treated with fatty acids in a dose-dependent manner for 1 h at 37°C in a CO 2 incubator. The treated cells were washed with PBS again. Fluorescent DCF intensity was analyzed using a flow cytometer (BD Bioscience).
Measurement of intracellular concentrations of free Ca 2+
HTR8/SVneo cells (4 × 10 5 cells) were seeded on six well plates and incubated for 24 h in serum-free medium when cells were at 70-80% confluency. Then cells were treated with different treatments for 48 h at 37°C in a CO 2 incubator. Supernatants were removed from culture dishes and adherent cells were detached with trypsin-EDTA. The cells were collected by centrifugation. Collected cells were resuspended using 3 μM fluo-4 AM (Invitrogen) and incubated at 37°C in a CO 2 incubator for 20 min. The stained cells were washed with PBS. Fluorescent intensity was analyzed using a flow cytometer (BD Bioscience).
Lipid peroxidation assay
A Click-iT lipid peroxidation imaging kit (Invitrogen) was used according to the manufacturer's recommendation. Briefly, HTR8/SVneo cells (3 × 10 4 cells per 300 μL) were seeded on confocal dishes and treated with CAY10566, oleic acid and 50 μM linoleamide alkyne (LAA) for 2 h at 37°C in a CO 2 incubator. After cell fixation (3.7% formaldehyde) and permeabilization (0.5% Triton X-100), the nucleophilic side chains of proteins modified by LAA oxidation were labeled by Alex Fluor 488 Azide for 30 min at room temperature. Fluorescence was detected using a LSM710 (Carl Zeiss) confocal microscope. Relative fluorescence intensity was quantified by green/DAPI ratio using MetaMorph software (Molecular Devices). The asterisks indicate an effect of treatment (***P < 0.001, **P < 0.01 and *P < 0.05).
Tunel assay
and overlaid with DAPI. Fluorescence was detected using a LSM710 (Carl Zeiss) confocal microscope. Relative fluorescence intensity was quantified by red/DAPI ratio using MetaMorph software (Molecular Devices).
Statistical analysis
Data were subjected to analysis of variance (ANOVA) according to the general linear model (PROC-GLM) of the SAS program (SAS Institute, Cary, NC, USA) to determine whether there were significant differences in response to treatments. Differences with a probability value of P < 0.05 were considered statistically significant. Data are presented as mean ± standard error of the mean (SEM) unless otherwise stated.
Results
Inhibition of fatty acid synthesis suppresses proliferation of EVTs
To investigate whether fatty acid synthesis influenced proliferation of trophoblast cells, we used the human first trimester EVT cell line, HTR8/ SVneo. C75, a synthetic fatty acid synthase (FASN) inhibitor reduced proliferation of HTR8/SVneo cells and the survival rate to <50% (P < 0.001) at 10 μM (Fig. 1A) . Generally, FA concentrations in plasma are variable according to metabolic state. In the case of OA, it is 30-3 200 μM. We determined effects of OA and EA on proliferation of HTR8/SVneo cells at The effects of SCD1 inhibitor CAY10566 on proliferation of HTR8/SVneo cells were determined using a cell proliferation assay.
[C] The expression of mRNAs for SCD1 was estimated for oleic acid-and elaidic acid-treated HTR8/SVneo cells using quantitative RT-PCR analyses.
[D] The effects of oleic acid (20 μM) and CAY10566 (200 nM) on the migration of HTR8/SVneo cells were determined and data are presented as a percentage relative to naïve control cells.
[E] The relative expression of mRNAs for MMP2, MMP9, MMP14, PLAU, FOXM1 and TIMP2 in response to oleic acid and/ or CAY10566-treated HTR8/SVneo cells was determined using quantitative RT-PCR analyses. The asterisks indicate an effect of treatment (***P < 0.001, **P < 0.01 and *P < 0.05).
concentration under 100 μM. OA and EA at 0, 5, 10, 20, 50 and 100 μM were not cytotoxic to HTR8/SVneo cells ( Fig. 1B and C) . Next, we conducted Annexin V and PI staining of HTR8/SVneo cells to determine if inhibition of fatty acid synthesis affected death of EVT cells (Fig. 1D) . C75 increased Annexin V-and PI-positive apoptotic HTR8/SVneo cells (upper right quadrant) 7.9-fold (P < 0.001) at 20 μM compared to non-treated control cells. These results indicate that fatty acid synthesis is necessary for maintaining normal functions of human EVT cell lines.
Oleic acid promotes migration and invasion while trans fatty acids have opposite effects on EVTs
As shown in Fig. 1E , OA increased migration of HTR8/SVneo cells in a dose-dependent manner. At a concentration of 50 μM OA, migration of HTR8/SVneo cells increased 190% (P < 0.001) compared to nontreated cells. In addition, the invasiveness of HTR8/SVneo cells increased Normalized values were calculated based on abundances of a phosphorylated protein relative to its total protein value. Asterisks indicate significant differences compared to non-treated control (***P < 0.001, **P < 0.01 and *P < 0.05).
236% in response to 50 μM OA (P < 0.001) as illustrated in Fig. 1F . In contrast, 20 μM EA, the trans form of OA, reduced (P < 0.001) migration of HTR8/SVneo compared to non-treated cells (Fig. 1G) . Vaccenic acid, a trans fatty acids produced naturally during biohydrogenation of linoleic acid (18:2n-6) and α-linolenic acid (18:3n-3), also reduced (P < 0.01) migration of HTR8/SVneo cells in a dose-dependent manner (Fig. 1H) . These results indicated that OA, a monounsaturated fatty acid, induced migration in human EVT cell lines while trans fatty acids reduced migration of EVT cells.
Stearoyl-CoA desaturase-1 regulates oleic acid-induced migration of EVTs
We compared the relative expression of several genes involved in intracellular lipid production among several trophoblast cell lines: JAR, JEG-3
and BeWo (human choriocarcinoma cell lines) and HTR8/SVneo cells ( Fig. 2A) . JAR cells represent early placental trophoblasts which have the potential for differentiating to syncytiotrophoblasts in vitro (Grummer et al., 1994) . In contrast to JAR cells, JEG-3 and BeWo cells resemble differentiated trophoblasts in vivo. JEG-3 cells share similar features with syncytiotrophoblasts and BeWo cells generally used for studying the characteristics of cytotrophoblast cells (Wadsack et al., 2003) . Human leukocyte antigen-G (HLA-G) is expressed specifically by EVT cells of human placentae. As expected, HTR8/SVneo cells had the highest expression of HLA-G mRNA among the trophoblast cell lines. Also, most of the lipogenic genes involved in metabolism of fatty acids and cholesterol are expressed abundantly in HTR8/SVneo cells, including FASN, SCD1, sterol regulatory element-binding protein −1 (SREBF1) and −2 (SREBF2), SREBP cleavage-activating protein (SCAP), acetyl-CoA carboxylase 1 (ACACA), peroxisome proliferator-activated receptor gamma (PPARγ), hydroxymethylglutary-CoA reductase (HMGCR), hydroxymethylglutarylCoA synthase 1 (HMGCS1), farnesyl-diphosphate farnesyltransferase 1 (FDFT1), acyl-CoA-binding protein (ACBP), ATP citrate lyase (ACLY), and acyl-CoA synthetase short-chain family member 1 (ACSS1). We speculated that SCD1, a key enzyme in producing OA by desaturating stearic acid (C18:0), may have effects on OA-mediated migration of HTR8/ SVneo cells. First, we verified that the SCD1 inhibitor, CAY10566, had anti-proliferative effects on HTR/SVneo cells in a dose-dependent manner (P < 0.001 and P < 0.01) (Fig. 2B) . Also, we verified that OA reduced the relative expression of SCD1 mRNA, while EA stimulated expression of SCD1 mRNA in HTR8/SVneo cells compared to non-treated cells (Fig. 2C ). In addition, CAY10566 reduced OA-induced migration of HTR8/SVneo cells (Fig. 2D) . Next, we investigated whether several genes involved in invasion of trophoblast cells, including matrix metalloproteins (MMP2, MMP9, MMP14), urokinase-type plasminogen activator (PLAU), forkhead box M1 (FoxM1), and tissue inhibitor of metalloproteinase 2 (TIMP2), are induced by OA and inhibited by SCD1 activity (Fig. 2E) . Expression of these genes, except for PLAU, associated with invasiveness of cells, increased (P < 0.001) in response to OA compared to non-treated cells, while inhibition of SCD1 only down-regulated MMP9 mRNA in HTR8/SVneo cells. These results suggested that endogenously produced monounsaturated fatty acids and exogenous OA can influence the invasive characteristics of human EVT cells.
Oleic acid and elaidic acid regulate MAPK and PI3K/AKT signaling pathways in EVTs
To determine OA-and EA-mediated cell signaling pathways in human EVTs, HTR8/SVneo cells were treated with OA or EA for 2 h in a dosedependent manner followed by immunoblot assay. Most MAPK signaling proteins, including ERK1/2, P90RSK and JNK, were phosphorylated in response to OA and EA (Fig. 3A to C) . While phosphor-P38 (p-P38) MAPK increased when HTR8/SVneo cells were treated with a high concentration of OA, EA did not induce p-P38 expression (Fig. 3D) . Phosphorylated AKT and P70S6K, downstream molecules of AKT cell signaling, were increased by both OA and EA in HTR8/SVneo cells ( Fig. 3E and F) . OA increased the abundance of p-S6 in a dosedependent manner, but EA decreased p-S6, and p-GSK3β was increased in response to both OA and EA in HTR8/SVneo cells ( Fig. 3G and H) . We next evaluated proliferation of HTR8/SVneo cells in response to OA in the absence and presence of selective inhibitors of cell signaling molecules; LY294002 (PI3K/AKT inhibitor), U0126 (ERK1/2 inhibitor), . Asterisks indicate significant differences compared to non-treated control (***P < 0.001, **P < 0.01 and *P < 0.05).
SB203580 (P38 inhibitor), and Rapamycin (mTOR inhibitor) with OA and EA ( Fig. 4A and B ). OA and EA at 100 μM had failed to influence proliferation of HTR8/SVneo cells (see Figs. 1B and C) . Also, of the combination of OA or EA and various pharmacological inhibitors of cell signaling molecules, only U0126 (P < 0.01) and rapamycin (P < 0.05) inhibited proliferation of HTR8/SVneo cells. The results indicate that OA and EA modulate MAPK and PI3K/AKT pathways that do not affect proliferation of human EVT cells.
Oleic acid-induced migration of EVTs is regulated by P38
We investigated whether inhibition of signaling molecules mediated by OA affect migration of HTR8/SVneo cells. Only SB203580 (a P38 inhibitor) inhibited OA-induced migration of HTR8/SVneo cells by 36% (P < 0.05) (Fig. 5A ). On the other hand, inhibition of ERK1/2 in OA treated cells was not inhibitory to migration of HTR8/SVneo cells. Then, we confirmed that expression of pro-invasive genes in response to OA was decreased when P38 was inhibited (Fig. 5B ). SB203580 suppressed transcription of most genes elevated by OA treatment alone, except for MMP9. We also confirmed the cytoplasmic localization of p-P38 using immunofluorescence microscopy (Fig. 5C ). The intensity of p-P38 signal was increased 170% (P < 0.01) by OA alone. These results imply that P38 plays a crucial role in OA-mediated migration in human EVT cells.
Inhibition of PI3K/AKT and ERK1/2 signaling pathways in extravillous trophoblast cells influences phosphorylation of signaling molecules regulated by oleic acid
Cell signaling pathways mediated by OA (100 μM) were estimated by immunoblot assay following pre-treatment of HTR8/SVneo cells with selective inhibitors, LY294002 (20 μM) and U0126 (20 μM). OAinduced activation of ERK1/2 was reduced by pre-treatment of LY294002 and U0126 (Fig. 6A) . However, increases in phosphor-P90RSK (p-P90RSK) were not significantly reduced by pre-treatment with LY294002 (Fig. 6B) . The increase in p-P70S6K and p-S6 by OA was blocked by pre-treatment of cells with U0126 as well as LY294002 which blocked AKT as an up-stream kinase for phosphorylation of P70S6K and S6 ( Fig. 6C-E) . Further, the expression of p-P38 was investigated to explore whether AKT and ERK1/2 signaling pathways were involved in activation of P38. However, P38 was not [C] p-P38 in HTR8/ SVneo cells was detected (green) and nuclei were counterstained with DAPI (blue). The cells were treated with oleic acid (20 μM), SB203580 (20 μM), elaidic acid (20 μM) or a combination of oleic acid and SB203580. Scale bars represent 20 μm (the first, third, fifth, and seventh vertical panels) and 10 μm (the second, fourth, sixth, eighth vertical panels). The asterisks indicate an effect of treatment (***P < 0.001, **P < 0.01 and *P < 0.05).
significantly influenced by those two cell signaling pathways (Fig. 6F) . Those results suggested that OA-mediated activation of PI3K/AKT and ERK1/2 pathways involves cross-talk effects with each other, but are not directly related to P38 activation in human EVT cells.
Oleic acid and elaidic acid regulate oxidative conditions related to SCD1 activity in EVTs
We investigated whether OA and EA can modulate the oxidative environment in HTR8/SVneo cells. Intracellular ROS production increased in response to high concentrations of OA and EA in HTR8/ SVneo cells although OA exerted significant effects at a lower dose (20 μM) than EA (50 μM) (P < 0.001) ( Fig. 7A and B) . Regarding intracellular cytosolic Ca 2+ influx, EA was stimulatory (Fig. 7C ) whereas OA was inhibitory (Fig. 7D ) for HTR8/SVneo cells (data not shown). Intracellular Ca 2+ in response to 20 μM OA was restored by inhibiting ERK1/2 inhibition (U0126) while inhibition of PI3K/AKT (LY294002) or mTOR (Rapamycin) further reduced intracellular Ca 2+ levels compared to OA alone (Fig. 7D ).
Focusing on monounsaturated fatty acids derived from saturated fatty acids, we determined the effects of palmitic acid (PA, C16:0) and stearic acid on proliferation of HTR8/SVneo cells relative to effects of OA and EA co-treated with CAY10566 (Fig. 8A) . The proliferation of HTR8/SVneo cells was not affected by either OA or EA treatment even when SCD1 was inhibited. However, the inhibition of SCD1 increased the lipotoxicity of saturated fatty acids in HTR8/SVneo cells. Next, we evaluated whether OA and SCD1 activity were involved in lipid peroxidation in HTR8/SVneo cells. As shown in Fig. 8B , CAY10566 induced a 12.57-fold increase in lipid peroxidation (P < 0.001) which was down-regulated by OA treatment of HTR8/SVneo cells. Then, we investigated whether a reduction in SCD1 activity involved DNA damage as assessed by TUNEL assay in HTR8/SVneo cells (Fig. 8C) . We verified that DNA fragmentation was enhanced by CAY10566 while co-treatment with OA reduced the ability of CAY10566 to induce DNA fragmentation. We also explored whether SCD1 activity is associated with altered activation of MAPK and PI3K/ AKT signaling molecules by exogenous OA in HTR8/SVneo cells (Fig. 9) . Pre-treatment of HTR8/SVneo cells for 16 h with CAY10566 [F] were analyzed in response to pre-treatment with inhibitors (LY294002 (20 μM) and U0126 (20 μM)) for 1 h before treatment with oleic acid (20 μM) for 2 h. Immunoblots were captured to calculate the normalized values by estimation of expressed levels from phosphorylated proteins relative to total protein. The asterisks indicate an effect of inhibitors treatment compared to non-treated control or oleic acid-treated sample (***P < 0.001, **P < 0.01 and *P < 0.05). The asterisks indicate an effect of treatment (***P < 0.001, **P < 0.01 and *P < 0.05).
enforced phosphorylation of ERK1/2, JNK, P38 and P70S6K which were activated by OA. However, the OA-induced increase in AKT phosphorylation was reduced by pre-treatment with CAY10566, indicating that the accumulation of saturated fatty acids, including palmitic acid and stearic acid, following SCD1 inhibition might reverse monounsaturated fatty acids-mediated stimulation of AKT signaling. These results indicate that OA and EA differently regulate oxidative conditions in a human EVT cell line, and that the desaturating enzyme for saturated fatty acids has functional roles in proliferation, lipid peroxidation, DNA damage and signaling cascades of the EVT cell line.
Discussion
Results of the present study verify that the pro-migratory effects of OA and the inhibitory effects of the trans form, EA, on HTR8/SVneo cells. Also, we suggest that fatty acid biosynthesis and desaturation pathways are essential for the proliferation of HTR8/SVneo cells. In particular, we demonstrated that the desaturating enzyme SCD1 modulates OA-induced migration of HTR8/SVneo cells. Next, we confirmed activation of MAPK and PI3K/AKT cascades by OA and EA, and demonstrated that OA-induced protein kinases form a complex phosphorylation network in HTR8/SVneo cells. Last, we suggest that OA influences the oxidative environment of HTR8/SVneo cells via multiple pathways related to SCD1 whose inactivation results in high levels of DNA fragmentation. Collectively, these results support our hypothesis that OA promotes migration of human first trimester EVT cells through underlying mechanisms involving MAPK, PI3K/AKT and SCD1 activities as illustrated in Fig. 10 . In the processes of human placentation, migration, invasion and proliferation of EVTs are essential for implantation of the blastocyst and normal placental development. Numerous cytokines, hormones, metabolites and dietary compounds contribute to trophoblast invasion and spiral artery remodeling, including leukemia inhibitory factor which stimulates invasion of EVT by regulating the secretion of MMP2 and MMP9 and the activities of TIMP1 and TIMP2 (Tapia et al., 2008) . Also, adiponectin is a positive regulator of MMP2 and MMP9 and a repressor of TIMP2, which exerts pro-invasive property on HTR8/ SVneo cells (Benaitreau et al., 2010) . Many bioactive molecules are involved in abnormal trophoblast invasion which results in several preeclampsia symptoms. Curcumin, extracted from dietary foods, can be administered to prevent pre-eclampsia by modulating the inflammatory toll-like receptor 4 (TLR4) pathway (Gong et al., 2016) . Although [C] TUNEL fluorescence identified apoptotic cells (red) and nuclei of the cells were counterstained with DAPI (blue). Cells were treated with oleic acid alone or with CAY10566 (200 nM) for 48 h. Scale bar represents 20 μm (the first, third, fifth, and seventh vertical panels) and 10 μm (the second, fourth, sixth, eighth vertical panels). The asterisks indicate an effect of treatment (***P < 0.001, **P < 0.01 and *P < 0.05).
receptor tyrosine kinases-and G-protein-coupled receptors-initiating signal transduction pathways controlling differentiation of human trophoblast and EVTs invasion/proliferation have been reported, it is unclear whether various nutrients exert regulatory effects on these signaling pathways (Knofler, 2010) . Long-chain polyunsaturated fatty acids (LCPUFAs) play a critical role in fetal growth and development, and tight regulation of the uptake of LCPUFAs into trophoblast cells is regarded as an important factor in determining the outcome of pregnancy (Xu et al., 2007) . However, it is not known if different types of fatty acids directly modulate trophoblast motility, despite our knowledge of their bioactive roles in other cell types. For instance, OA increases motility of umbilical cord blood derived mesenchymal stem cells through activation of the PKCα/GSK3β pathway (Jung et al., 2015) . In addition, there are several reports that PKC activates ERK1/2 and JNK followed by activation of MMP9, but not MMP2 (Lee et al., 2003; Xie et al., 2004) . In the present study, we confirmed promigratory effects of OA, which is derived from mono-unsaturation of saturated fatty acids, on EVT cells. Because, saturated fatty acids and monounsaturated fatty acids are the most abundant fatty acids as main components of phospholipids and triacylglycerols, their cellular composition and distribution during gestation should be carefully considered when there is a need for increases in metabolic substrates (Enoch et al., 1976) . As a means of energy storage and as a mediator of intracellular signaling pathways, OA contributes to invasiveness of cancer cells (Soto-Guzman et al., 2008) . Interestingly, EVTs share proliferative, invasive and immune properties with neoplastic cells. Similar to cancer metastasis, invasion of EVTs requires activation of proteinases for degradation of extracellular matrix (Iruela-Arispe, 1997). Altered activity of pro-migratory proteins in trophoblast cells can induce development of malignant choriocarcinoma which easily metastasizes to other organs of the body (Pollheimer and Knofler, 2012) . In addition, escape of trophoblast from recognition by the maternal immune system is crucial. Trophoblast cells do not express major histocompatibility complex (MHC) class I, and human tumors have low expression of MHC class I, to escape recognition by T cells (Bubenik, 2003) . The EVTs highly express HLA-G, which is a monomorphic protein not recognized by the maternal decidual NK cells (Parham, 2004) . Our results showed that HTR8/SVneo highly expresses HLA-G mRNA. Also, expression of lipogenic genes involved in metabolism of fatty acids was also greater compared to that in other trophoblast cell lines. This suggests that the biosynthesis of various fatty acids may be especially important for maintaining invasive properties of HTR8/SVneo cells.
We found that EA reduces migration of HTR8/SVneo cells. EA is the major trans fatty acid generated from industrial hydrogenation, and dietary intake of EA through ingestion of french fries or margarine can cause a greater risk of cardiovascular diseases than saturated fatty acids (Mozaffarian et al., 2009 ). In addition, trans fatty acids compete with LCPUFAs for metabolism in the enzyme systems and trans fatty acids may interfere with beneficial effects of LCPUFAs on fetal growth (Ghafoorunissa, 2008) . In the present study, vaccenic acid, a major ruminant trans fatty acid, also inhibited migration of EVT cells, suggesting that trans fatty acids are harmful to fetal and maternal health regardless of being derived naturally or as a product of industry.
Among lipogenic genes, SCD1 produces a rate-limiting enzyme in the biosynthesis of monounsaturated fatty acids via Δ9-desaturation of saturated fatty acids. The major substrates for SCD1 are palmitoyl-and stearoyl-CoA, converted to palmitoleic acid and OA, respectively. Thus, abnormal expression of SCD1 results in an imbalance in the saturated fatty acid/monounsaturated fatty acid ratio in membrane phospholipids. However, the expression or cellular function of SCD1 in trophoblast cells had not been reported. Using a SCD1 inhibitor, we investigated the functional properties of SCD1 regarding migration and proliferation of human EVT cells. Inhibition of SCD1 was correlated with a reduction in endogenous OA and our results showed that inhibition of SCD1 down-regulated the effects of exogenous OA in inducing migration of human EVT cells. In addition, expression of MMP9 mRNA was specifically reduced after inhibition of SCD1 with OA, which suggests a regulatory role for SCD1 in OA-mediated signaling pathways involved in trophoblast motility. We speculate that different sites of expression of MMPs in human placentae are closely related to specific patterns of expression of MMP2, MMP9 and MMP14 following OA treatment and inhibition of SCD1 (Xu et al., 2002) . While OA is not a unique metabolite of SCD1 enzymatic activity, the anti-migratory effects of inhibition of SCD1 may be due to depletion of OA and this should be carefully considered when evaluating lipid profiles for human EVTs.
Immunoblot assays revealed that OA and EA modulate multiple cell signaling pathways including MAPK and PI3K/AKT pathways. Almost all kinases were phosphorylated in response to both OA and EA, but P38 was activated only by OA. In addition, phosphorylated S6 had different expression patterns in response to OA and EA treatment of HTR8/SVneo cells. We speculate that the different effects of OA and EA on migration of HTR8/SVneo cells may be due to intracellular signaling proteins such as P38 and S6, which are known to contribute to migration of porcine trophectoderm cells (Jeong et al., 2016) . Inhibition of various signaling molecules revealed that only P38 affected OA-induced migration of HTR8/SVneo cells which supports our hypothesis. We previously reported that AKT and ERK1/2 are two major kinases involved in proliferation and motility of trophoblast cells (Lim et al., 2017) . Through pre-treatment of trophoblast cells with selective inhibitors for AKT and ERK1/2 following OA treatment, we verified that AKT, ERK1/2 and their downstream kinases are tightly regulated with cross-talk effects between the two pathways as evidenced by expression of p-P70S6K and p-S6 being reduced by U0126, as well as by LY294002. Further, P38 was not influenced by either AKT or ERK1/2 inhibition, suggesting a single pathway for OAinduced expression of P38 in HTR8/SVneo cells.
Tightly controlled production of ROS is required for successful pregnancy because ROS is a mediator of cell signaling, and its production in cells of the placenta changes over the period of pregnancy, implying the importance of a balance between pro-oxidants and anti-oxidants (Burton, 2009 ). However, excessive ROS production induces dysfunction of mitochondria and Ca 2+ -associated cell death genes correlated with endoplasmic reticulum stress through activation of the JNK pathway (Circu and Aw, 2010) . In the present study, despite ROS generation induced by OA, the excessive influx of Ca 2+ in HTR8/SVneo cells was alleviated by OA. It is unclear how Ca 2+ -mediated signaling is involved in migration of human trophoblast cells although Ca 2+ is an intracellular second messenger regulating expression of implantationrelated factors while the fatty acid composition of cellular membranes is responsible for Ca 2+ permeability (Jilka and Martonosi, 1977; Kusama et al., 2015) . Thus, whether a decrease in cytosolic Ca 2+ due to OA in trophoblast cells contributes to successful implantation of blastocyst requires further studies. In various types of cells, including human bone marrow-derived mesenchymal stem cells and osteoblasts, saturated fatty acids induce lipotoxicity which OA can attenuate (Gillet et al., 2015) . Palmitic acid has adverse effects on proliferation and apoptosis of trophoblast stem cells derived from preimplantation mouse embryos (Jungheim et al., 2011) . In human EVTs, however, the effects of saturated fatty acids on proliferation and migration are not clear. Interestingly, co-treatment with saturated fatty acids and a SCD1 inhibitor resulted in synergistic effects on induction of lipotoxicity, suggesting that exogenous saturated fatty acids in combination with the accumulation of endogenous saturated fatty acids have adverse effects on HTR8/SVneo cells. Taken together, our results showed that abnormal amounts of saturated fatty acids in human EVT cells induced lipid peroxidation, accompanied by DNA fragmentation, a key feature of apoptosis.
The present study has some limitations that should be considered. First, we used only an EVT cell line in the experiments rather than primary EVTs. Our experiments need to be extended further using first trimester placenta-derived EVTs to fully appreciate the critical functions of OA on EVTs. However, the population of primary trophoblast cells isolated from first trimester placenta is heterogeneous and this presents some are disadvantages when determining specific effects on EVTs in primary trophoblast cultures (Steinberg and Robins, 2016 ). An alternative to analyzing the characteristics of EVT is to use embryonic stem cells (ESCs) that differentiate into EVTs under specific culture conditions. It is necessary to verify the functionality of OA by constructing an EVT lineage through treating ESCs with bone morphogenetic protein 4 (BMP4) (Telugu et al., 2013) . Second, although inhibition of SCD1 alleviates pro-invasive effects of exogenous OA, it is not clear that inhibition of endogenous OA synthesis directly regulates signaling pathways mediated by exogenous OA. The possibility exists that there is an interaction between OA and a membrane receptor(s) such as toll-like receptor 4 in the activation of signaling molecules by OA (Shi et al., 2006) .
Collectively, results of this study demonstrate the effectiveness of OA to stimulate migration of a human EVT cell line while EA had adverse effects. Also, inhibition of SCD1 and exposure of EVT cell line to saturated fatty acids reduced proliferation of the human EVT cell line. Therefore, OA can play an important role in promoting invasion of human EVT cells, while both trans fatty acids and saturated fatty acids are not conducive to normal placentation and to the prevention of pre-eclampsia and intrauterine growth restriction.
